Sepiapterin reductaSe deficiency (Srd) iS a rare, autoSomal, receSSive, metabolic diSorder that reSultS from mutationS in the SPR gene, which is located on chromosome 2p14-p12.
and problems initiating and maintaining sleep with daytime sleepiness. 8 however, sleep disturbances in this setting have not been investigated in detail, and the underlying pathophysiological mechanisms (especially regarding serotonin, dopamine, and sleep systems) are not clear. the serotonergic pathway is a key contributor to the regulation of circadian rhythm, sleep, and wakefulness. Serotonergic axonal release is high during wakefulness, decreased during nrem sleep, and absent during rem sleep. 9 Serotonin helps maintain wakefulness, but also conditions later sleep episodes, as blockade of serotonin synthesis causes long-lasting, complete insomnia in animal models. in addition, melatonin is synthesized from serotonin in the pineal gland (figure 1). in humans, endogenous depression is associated with a dysfunction of serotonin transmission with concomitant sleep signs including insomnia and a shortening of rem sleep latency. 10 however, there is only a partial serotonin brain deficiency in these patients. In contrast, genetic tetrahydrobiopterin deficiencies (including sepiapterin reductase deficiency), which are a key factor for 5-hydroxytryptophan synthesis, lead to marked decreases in serotonin degradation product levels in the cSf and also to a decreased dopamine transmission.
SLEEP AND CIRCADIAN EFFECTS FROM LOSS OF SEROTONIN

Sleep and Rhythm Consequences of a Genetically Induced Loss of Serotonin
Smaranda Leu-Semenescu, MD 1, 7 We took the opportunity of a complete drug withdrawal in an adult with Srd to study sleep mechanisms with long term sleep monitoring and to investigate the circadian system with wrist actigraphy, a sleep log, and melatonin and cortisol circadian secretion profiles.
METHODS
Patient Case Report
a 28-year-old man (itd613) was born to consanguineous french parents. there was no familial history of neurological disease, except for his sister, who was thought to have writer's cramp since adolescence but declined to be seen in our department. the pregnancy, delivery, and neonatal period were normal. He was a floppy baby with slow psychomotor development and had episodes of his eyes rolling up from the first month of life. he walked at age 36 months with marked postural instability and abnormal posture of the upper limbs. clumsiness and dysarthria were also noted in childhood. at this time, his parents already noted that his motor function was clearly better in the morning, and that sleeping during daytime could relieve most of the symptoms. At age five, based on a presumptive diagnosis of atypical dopamine-responsive dystonia, he started l-dopa at a daily dose of 5 mg/kg, which resulted in a dramatic improvement in his condition (including the motor fluctuations), but also triggered choreic movements of the 4 limbs and face. With a decrease of the daily dose of l-dopa to 2 mg/kg, the abnormal movements disappeared, but the benefits with regard to motor function persisted. between the ages of 5 and 27 years, he was treated with a daily dose of l-dopa ranging from 1 to 2 mg/kg. under this treatment, he completed high school, had no motor complaints, and had only mild bradykinesia on examination. Within this period, he would nap 1 or 2 times each day, whereas he was awake for more than 2 hours on most nights. in addition, from adolescence, he had excessive eating with an uncontrollable need to eat frequently during the day and night, which caused mild obesity. there was no binge eating, pica, food selection, purging behavior, guilt, or alteration of his body image. the sleep and motor phenotype of this patient did not change with age. At age 27, he had a global cognitive efficiency in the low normal range with an attention deficit. A psychiatric examination was normal (in particular, there was no mood disorder). at this stage, the following features of this patient prompted us to look for an unusual cause of dopa-responsive dystonia: (1) the sleep and eating disorders; (2) an incomplete, although dramatic, response of the motor symptoms to l-dopa; (3) a history of oculogyric crisis in childhood; (4) an absent Gtp cyclohydrolase 1 mutation; and (5) the consanguinity of the parents. for this examination, the patient was withdrawn from drugs for 10 days, resulting in the reappearance of a generalized dystonia-parkinsonism with major diurnal fluctuations. the neurotransmitters and pterins measurements in the cSf were highly suggestive of Srd.
The molecular analysis confirmed he had a homozygous pathogenic mutation (p.arg150Gly) of the SPR gene.
11 this mutation has already been described and results in an inactive protein. 
Serotonin
Melatonin
Sleep and Rhythm Measures the patient underwent a semi-standardized medical interview on his sleep habits, including the epworth sleepiness scale. he completed a sleep log and wore a wrist actigraphy (actiwatch-mini, cambridge neurotechnology ltd, uK), which measured the intensity of movements at 1-min intervals for 7 days. the patient slept at home and was given no instruction regarding sleep, except to sleep at his preferred time. his schedule was free, as he was not working and had no family life. at the end of this week, he was hospitalized for 3 days and nights. he underwent a continuous 48-h sleep recording in the sleep disorders unit, followed by a 24-h sampling of hourly serum melatonin and cortisol levels and urinary sampling, with the normal ambient lights. Sleep was monitored from lights off (ad libitum) to lights on (ad libitum). the nighttime sleep recordings were followed by a continuous daytime sleep recording, with the ad libitum opportunity to nap in the morning and in the afternoon. polysomnographic recording was performed, and the sleep stages, arousal, respiratory events, and legs movements were scored according to standard international criteria. 12 in addition, core body temperature was measured using an ingested pill containing a thermal sensor and a transmitter, which sent a measure every minute for around 48 h (depending on the transit time) to an external holter receptor (vitalsense ltd, uK). the melatonin and cortisol were measured in the 24 serum samples, using a radioimmunoassay.
DNA, Blood, and CSF Analysis
the molecular analysis of the SPR gene was performed on the patient dna as previously described.
11 plasma melatonin was measured by radioimmunoassay with a specific rabbit antiserum (inra, nouzilly, france) and 125 i-labeled melatonin tracer (Perkin-Elmer, France). The intra-assay coefficient of variation was 4.7% for melatonin concentration of 50 pg/ml. The inter-assay coefficients of variation were 10.9% and 15% for the same concentration. plasma cortisol was measured using the beckman dXi 800 (beckman, margency, france). the intra-assay coefficient of variation was 4.5% at 6.5 µg/dL. biogenic amines (5-hydroxyindolacetic acid and homovanillic acid), neopterin, total biopterins, and sepiapterin were analyzed using high-performance liquid-chromatography following previously reported procedures.
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Treatment the supplementation treatment was started the next week. the patient received 5-oh-tryptophan (200 mg/d) in the morning, in addition to ongoing l-dopa (150 mg/d) and benserazide (37.5 mg/d). the same procedure of sleep and circadian measurements was repeated 8 months after starting therapy. the neurotransmitter and pterin levels in the cSf were measured before and after treatment. all of the investigations were performed with the informed consent of the patient.
Neuropsychological Tests
a standardized neuropsychological evaluation was performed before and one year after treatment. the intelligence quotient (IQ) was assessed using the Wechsler Adult Intelligence Scale-third edition 17 for verbal IQ; Colored Progressive matrices 18 were used to determine performance IQ. executive and attentional functioning were tested using direct and indirect methods including: (1) the digit Span subtest of the WaiS-iii, which assesses attention, short term memory, and working memory; (2) the Wisconsin card Sorting test (WcSt), 19 a rule finding and set shifting test; (3) the Stroop test, 20 which measures the ability to resist interferences; and (4) the trail making test forms a & b, 21, 22 which test the ability to shift from one set to another.
RESULTS
Sleep Interview
the patient reported sleep problems since childhood. he would sleep 1 or 2 times every day since childhood and was awake during more than 2 hours most nights since adolescence. At the time of the first interview, the night sleep was irregular with a sleep onset at 22:00 and offset between 02:00 and 03:00. he often needed 1 or 2 spontaneous, long (2-to 5-h) naps during the daytime. the usual sleep duration varied from 7 to 14 hours per day. he complained of excessive daytime sleepiness and scored 18/24 on the epworth sleepiness scale. he had no symptoms of restless legs syndrome, snoring, apnea, nocturia, parasomnia, cataplexy, sleep paralysis, or sleep drunkenness. he experienced occasional nightmares and auditory hypnagogic hallucinations (voices). He ate frequently during the day and night during periods of wake with clear consciousness of what he was eating. his weight was 88 kg (body mass index of 31.2 kg/m 2 ; obese range). the patient received 5-oh-tryptophan in addition to l-dopa and benserazide as a treatment for Srd. after treatment, the sleep disturbances totally disappeared. he was able to fall asleep around 23:00 and wake up around 09:00, with no need for a daytime nap. the epworth sleepiness score dropped to 9/24. in addition, his eating behavior normalized. As a consequence, he lost 12 kg within 8 months without voluntary dieting, leading to a body mass index of 26.3 kg/m 2 (slightly overweight) at the time of the second sleep interview.
Sleep Log and Actigraphy
before treatment, the sleep-wake activity was irregular and ultradian (grossly bi-circadian), as illustrated by the variable sleep onset (from 20:00 to 02:00) and offset (01:00 to 13:00) and the presence of 1 to 3 long bouts of sleep (lasting 3 to 11 h each) per 24 h (figure 2 a). the total sleep time varied between 6.5 and 14 h per 24-h period. the sleep/wake period was 11.8 ± 5.3 h (table 1) . actigraphy showed a marked decrease in activity between 19:00 and 21:00 (sleep onset), and an increased activity between 13:00 and 15:00 for 1 to 3 h (sleep offset). the daytime naps started between 10:00 and 12:00 and ended between 13:00 and 16:00. the assumed sleep duration varied between 9 h 49 min and 12 h 47 min. after treatment, there was a dramatic change towards more regular sleep onset (21:30 to 23:00) and offset (04:00 to 10:00) times, with sleep being a single continuous episode per 24 h and no more naps on the sleep log (figure 2b) and actigraphy. the sleep/wake period was 24.0 ± 1.7 h, which was very different (p < 0.000001) from the 11.8 ± 5.3 h period before treatment.
Melatonin and Cortisol Circadian Profiles
Before treatment, the plasma melatonin circadian profile was flat ( Figure 4A ), ranging from a minimum serum level of 7.5 pg/ml at 21:00 to a maximum of 16.6 pg/ml at 07:00, when the expected normal values range between 5 pg/ml during daytime to 60 pg/ml at night with a peak between 23:00 and 07:00. after treatment with 5-oh-tryptophan in the morning, the plasma melatonin levels doubled during nighttime, compared to daytime, ranging from a minimum of 19.9 pg/ml at 21:00 to a maximum of 39.8 pg/ml at 22:00. the plasma cortisol profile showed circadian variations within the normal
Sleep Monitoring
before treatment, the total sleep time was 700 min (11 h 39 min), with nighttime sleep lasting 489 min and 2 naps in the morning and afternoon lasting 211 min (figure 3a). the sleep structure was normal (table 1). rem sleep latency was 65 min on night 1 and 51 min on night 2 before treatment and 232 min on night 1 and 113 min on night 2 after treatment. there was no abnormal sleep fragmentation, sleep apnea, or periodic leg movements. after treatment, the total sleep time was reduced to 603 min per 24 h (10 h), with a nighttime sleep lasting 533 min and one end-afternoon nap lasting 30 min (figure 3b). this patient with Srd has a dopa-responsive generalized dystonia-parkinsonism, as previously reported in other Srd patients. in addition, he has non-motor symptoms, including an abnormal (ultradian) sleep-wake rhythm, a mild hypersomnia, an eating behavior disorder, and an executive/attention dysfunction. Supplementation with 5-hydroxy tryptophan, but not levodopa, improved the non-motor symptoms, with normalization of sleep and circadian sleep-wake rhythm. the change in melatonin profile (flat before treatment, normalized after) parallels the change from ultradian to circadian sleep-wake rhythm, suggesting that this observation provides a unique paradigm of melatonin deficiency caused by lack of its substrate, serotonin.
before treatment, the patient slept a mean of 11 h 44 min, which is higher than in controls, 23 and suggests hypersomnia with a long sleep time. although little is known about the mechanisms of sleep excess, a deficiency of the arousal systems or an ranges. before treatment, the timing of the morning cortisol peak was at 06:00 and the amplitude was 10 µg/dL. After treatment, the secretory profile was similar (Supplemental Figure 1 available online at www.journalsleep.org). as for the core body temperature, 3 capsules were necessary to monitor 48-h temperature, versus one before treatment, as the transit time was much increased. the temperature circadian profile (although some points were missing) was grossly circadian in both periods (Supplemental figure 2 available online at www. journalsleep.org).
Neurotransmitters and Pterins CSF Analysis
before treatment, the patient had a severe decrease in the 5-hydroxyindolacetic acid and homovanillic acid concentrations with increased total biopterin and neopterin concentrations (table 1) . as much as 80% to 90% of the biopterin was composed of dihydrobiopterin, which is the biopterin form accumulating upstream of the sepiapterin reductase. 18 the elevated levels of sepiapterin confirmed the diagnosis. In keeping with the clinical improvement, the neurotransmitter levels in the cSf returned to normal values under treatment (table 1) .
Neuropsychological Tests
the results of the neuropsychological tests are presented in table 2. before treatment, the patient had a global cognitive efficiency in the low normal range with a mild but consistent dysexecutive syndrome. In particular, he had mild difficulties in rule finding and marked difficulties in set shifting as demonstrated by the number of perseverative errors in the WcSt. by contrast, his ability to resist interferences and his working and short term memory were relatively preserved. the post-treatment results demonstrate a normalization of his WcSt results. 24 the sleep differences between these patients and our Srd patient may relate to a different methodology (no study of circadian sleep wake-rhythm, no long-term sleep monitoring in Segawa syndrome), and use of dopaminergic with/out serotonergic agents in all patients with Segawa syndrome. in addition, the severity of the serotonin deficiency may be lower in Segawa syndrome than in Srd. the evidence for a role of 5-ht as an arousal system comes only from animal studies. in the rat and cat, the 5ht neurons are active during wakefulness, while the stimulation of post-synaptic 5ht1a, 5ht1b, 5ht2a-c, 5ht3, and 5ht7 receptors increases wakefulness. 25 SRD patients, including our patient, have a unique condition with a proven deficit of serotonin synthesis. The sleep disturbances in these patients have been previously described as "diurnal sleepiness," 5 "frequent awakenings," 6 "hypersomnolence," 7 and problems initiating and maintaining sleep with daytime sleepiness, 8 but have not been fully documented. the sleep excess and circadian aspects have not been studied before. We provide a detailed demonstration that our patient had both a mild hypersomnia and altered circadian rhythm. as these disorders were present with adequate L-dopa supplementation and lessened with additional 5-oh-tryptophan treatment, we infer that they are related to the serotonin deficiency in our patient. patients with major depression also have a form of serotonin dysfunction (although this is not a major defect as in Srd) that can be reproduced by a rapid tryptophan depletion. 26, 27 major depression or rapid tryptophan depletion are usually associated with insomnia, 28 but occasionally with daytime sleepiness; true excess of sleep, as with our patient, is exceptional. 29 more frequently, the REM sleep latency is shortened, although this sign is not specific to depression. Interestingly, our patient (who had no depression) had a short rem sleep latency (51 and 65 min) increased homeostatic drive to sleep are suspected. here the serotonin (5ht) arousal system is probably altered as a result of a genetically decreased 5ht synthesis. We cannot totally exclude that other arousal systems (namely hypocretin and histamine in the lateral hypothalamus, acetylcholine neurons in the basal forebrain noradrenaline in the coeruleus nucleus and dopamine in the periaqueductal gray matter, the two latter being possibly affected by SRD) are deficient, except that we have indirect evidence (such as an almost-complete motor response and a persistence of sleep problems while treated with levodopa alone) that the patient is adequately supplemented with dopamine. In a series of 22 patients with Segawa syndrome (a dopamine responsive dystonia caused by GTP cyclohydroxylase deficiency also resulting in BH4 deficiency and, in turn, in dopamine and serotonin deficiency), several sleep disturbances have been described, including sleep onset and maintenance insomnia (but sleep time was long in two patients), nightmares in 22% of patients, and no daytime sleepiness. during polysomnog- NV, normal value; ND, not detected (< 0.3 nmol/L); major differences in bold tion. alternatively, the improvement may have resulted from the serotonin supplementation. none of the previous reports on Srd mutation focused on the executive functions, and the effect of therapy on cognition was controversial. on levodopa treatment alone, the cognition or school level was improved in two patients 7, 5 and unchanged in seven patients. 6 in contrast, the re-establishment of both dopamine and serotonin transmission markedly improved the school level and intellectual abilities in two patients, 5, 8 although the cognitive benefit was sustained in only one patient. 5 it is now well established from animal and human studies that the serotonin neurotransmission plays a role in cognition, particularly in executive functions. 42 the primate prefrontal cortex receives strong serotonin inputs, while 5ht receptors are largely distributed in the prefrontal neurons over different cortical layers. 43 interestingly, animals depleted of prefrontal serotonin have an altered flexibility. 44 in keeping with this experimental data, our patient had a specific pattern of alteration with a predominant defect of the set-shifting ability rather than a global alteration of the attention/executive functions. this report may then provide further evidence that serotonin deficiency more specifically affects the prefrontal functions and that prefrontal serotonin stimulation can modulate the mental flexibility.
before treatment, which doubled with treatment, suggesting that the change was linked to serotonin deficiency. No other sleep markers frequent in depression (early morning awakening, more disrupted sleep, or prolonged first REM sleep episode) were found in this patient. the biological mechanisms of depression are however incompletely elucidated and may include dysfunction in several neurotransmitters, possibly unaffected in our patient.
this patient had an ultradian sleep-wake rhythm. his sleep period occurred every 11.8 h, following a grossly bi-circadian rhythm, with large (5.3 h) variability. this pattern of sleep, with long daytime naps, may have contributed to the feeling of hypersomnia before treatment (with an elevated epworth score) and the improvement after treatment. as his serum melatonin profile was simultaneously flat, without any physiological nighttime increase, it suggests that Srd causes, via the reduced serotonin release, a low, flat melatonin secretion. In the human model of rapid tryptophan depletion, the subsequent decreased brain serotonin turnover also results in a decreased nocturnal melatonin secretion. 30 With quasi-absence of melatonin secretion, this patient lost his major endogenous marker of darkness. Since the other circadian markers such as the body temperature and cortisol were normal, the patient was, before treatment, in a state of internal desynchronization between sleep and melatonin on one hand, and cortisol and temperature on the other hand. interestingly, the sleep-wake rhythm of our patient was close to 12 h (half of 24 h, hence possibly bi-circadian). the cortisol/temperature increases may have entrained the bi-circadian rhythm, at least as zeitgebers for the morning awakening.
before 5-oh-tryptophan supplementation, the patient had a mild obesity related to an eating behavior disorder that clearly improved with this treatment. his excessive eating does not share the typical characteristics of bulimia nervosa as the psychiatric items are absent, including binge eating, a purging behavior, guilt, or altered body image. Together, these findings are suggestive of an organic hyperphagia related to the serotonin deficiency. Several lines of investigation indicate that eating disturbances are associated with an abnormal hypothalamic serotonergic neurotransmission. [31] [32] [33] its modulation may promote weight variations by mediating satiety and thus regulating food intake. numerous drugs acting as serotonin agonists or serotonin reuptake inhibitors decrease food intake, induce weight loss, and advance the behavioral satiety sequence in rodents. 34 recent studies emphasize the role of the 5-ht2c receptor activation in this process. [35] [36] [37] Such drugs, particularly fenfluramine and sibutramine, reduce the food intake and weight in obese patients. [38] [39] [40] an increased hypothalamic serotonin tone (in animals) and an increase of cSf tryptophan (in humans) are associated with cancer anorexia. 41 the clinical characteristics of our patient (hyperphagic when 5ht-depleted, normalized after 5-oh-tryptophan supplementation) provide further evidence for an important role of serotonin neurotransmission in satiety in humans.
before treatment, our patient had a mild dysexecutive syndrome mostly affecting the mental flexibility (as assessed by the WSct), which normalized with serotonin supplementation. We cannot exclude the possibility that the initial dysexecutive disorder was sleepiness related and improved when the sleepiness disappeared after the serotonin supplementa-Ultradian Sleep-Wake Rhythm without Melatonin-Leu-Semenescu et al 
